tight junction; gut permeability; endotoxemia ENDOTOXEMIA PLAYS AN IMPORTANT ROLE in the development of alcoholic liver disease through stimulating proinflammatory cytokine production (11) . Disruption of the intestinal barrier has been suggested to be a leading cause of alcohol-induced endotoxemia (40) . Alcoholic patients showed increased gut permeability to a variety of permeability markers, such as polyethyleneglycol, mannitol/lactulose, or 51 CrEDTA (10, 22, 23, 38) . In animal studies, gut permeability to macromolecules such as horseradish peroxidase (HRP) was also increased in association with alcohol-induced plasma endotoxemia and liver damage (13, 17, 24, 25, 32) . Our previous work showed that orally administrated lipopolysaccharide can be detected in the plasma of alcohol-intoxicated mice but not in control mice (30) , providing direct evidence that alcohol increases gut permeability to endotoxin. Animal studies also showed that prevention of gut leakiness results in suppression of alcohol exposure-induced endotoxemia and liver damage, suggesting that gut leakiness is a causal factor in the development of alcoholic endotoxemia and liver injury (17, 24, 30) .
Zinc is known to play an important role in maintaining the physiological function of the gastrointestinal tract (42) . Zinc deficiency has been documented in alcoholic liver disease (32) . Zinc deficiency can be induced by both inadequate dietary zinc intake and zinc mobilization under stress conditions. Recent studies suggest that disruption of zinc homeostasis is a critical mediator in stress-mediated cell dysfunction and injury (26, 27) . Reactive oxygen species (ROS), acetaldehyde, and lipid peroxidation products have been shown to release zinc from proteins, leading to cellular zinc dyshomeostasis. All these toxic molecules have been detected in the intestine after alcohol exposure (2, 15, 21) , suggesting the possibility of intestinal zinc dyshomeostasis. Our previous studies demonstrated that zinc supplementation protects against alcohol-induced liver injury, and zinc is critical for maintenance of intestinal barrier function (20) . However, the mechanism of how zinc modulates intestinal barrier function has not been determined. The present study was undertaken to determine 1) whether zinc deficiency is associated with alcohol-induced intestinal barrier dysfunction, 2) how alcohol induces zinc deficiency, and 3) how zinc deficiency affects intestinal barrier function.
MATERIALS AND METHODS
Alcohol feeding. Male C57BL/J mice were obtained from Harlan (Indianapolis, IN). All the mice were treated according to the experimental procedures approved by the Institutional Animal Care and Use Committee. For chronic alcohol exposure, mice at 4 mo old were pair fed a Lieber-DeCarli alcohol or isocaloric maltose dextrin control liquid diet for 4 wk with a stepwise feeding procedure. The ethanol content in the diet (%, wt/vol) was 4.8 (34% of total calories) at study initiation and gradually increased up to 5.4 (38% of total calories). The food intake was measured daily, and the average daily alcohol intake was 18 g/kg body wt. At the end of the feeding experiment, the mice were fasted for 4 h and anesthetized with Avertin (300 mg/kg), and plasma, liver, and intestinal samples were harvested for assays.
Caco-2 monolayer cell culture. Caco-2 cells from the American Type Culture Collection (Rockville, MD) were cultured in DMEM supplemented with 100 U/ml penicillin, 100 g/ml streptomycin, 0.1 mM nonessential amino acids, 10 mM HEPES, and 10% FBS, at 37°C in a 5% CO 2 environment. Culture medium was changed every 2 days. Caco-2 cells were subcultured after partial digestion with 0.25% trypsin-EDTA, and passages 19 -30 were used. Caco-2 cells grown on chamber slides (LabTek, Naperville, IL) were used for determination of tight junction proteins, whereas Caco-2 cells grown on six-well plates were used for immunoblotting analysis. For measurement of epithelial barrier function, Caco-2 cells were cultured on 24-well inserts (pore size 0.4 m; BD Biosciences, San Jose, CA). For alcohol intoxication, ethanol was added to the culture medium at clinically relevant and noncytotoxic doses of 1, 2.5, 5, 7.5, and 10% (vol/vol) as described previously (31) . N-acetyl-cysteine (NAC) was added at 2 mM 30 min before alcohol treatment to inhibit oxidative stress. To induce zinc deficiency, N,N,N=,N=-tetrakis (2-pyridylmethyl) ethylenediamine (TPEN) was added to the culture medium at a final concentration of 2, 3, or 4 M, and the culture time was 24 h. Zinc sulfate was added at 100 M elemental zinc together with TPEN to confirm the specificity of the zinc-chelating action of TPEN. Alternatively, TPEN specificity was also tested by adding other divalent cations including 100 M copper as cupric chloride or 100 M iron as ferrous chloride. To determine the interaction of zinc deficiency with alcohol intoxication, Caco-2 cells were first treated with TPEN for 24 h, followed by incubation with 5% ethanol for 5 h.
Assessment of liver injury. Histopathological changes in the liver were examined by light microscopy with hematoxylin and eosin stain. Serum alanine aminotransferase (ALT) activity was colorimetrically measured using the Infinity ALT Reagent (Thermo Scientific, Waltham, MA).
Blood endotoxin assay. Blood samples from control and treated mice were drawn from the dorsal vena cava. Plasma was obtained by centrifuging the blood at 300 g for 15 min at 4°C. Plasma samples were diluted 1:10 with sterile nanopure water, mixed by vortex, and placed in a 75°C water bath for 10 min. Samples were allowed to cool to room temperature for 10 min before colorimetric assay using the limulus ameobocyte lysate (LAL) kit (Lonza Walkersville, MD). Standards and samples were incubated with LAL for 10 min at 37°C followed by 6-min incubation with colorimetric substrate. The reaction was stopped with 25% acetic acid, and the absorbance at 405 nm was read.
Determination of gut permeability. For ex vivo detection of intestinal permeability, the duodenum, jejunum, and ileum were freshly isolated and placed in modified Krebs-Henseleit bicarbonate buffer containing 8.4 mM HEPES, 119 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 25 mM NaHCO3, 2.5 mM CaCl2, and 11 mM glucose (KHBB, pH 7.4). One end of the gut segment was first ligated with suture, and 100 l FITC-dextran (molecular weight 4,000, FD-4, 40 mg/ml) was injected into the lumen using a gavage needle to avoid mucosal injury. Then the other end of the gut segment was ligated to form a 8-cm gut sac. After being rinsed in the KHBB buffer, the gut sac was placed in 2 ml of KHBB and incubated at 37°C for 20 min. The FD-4 that penetrated from the lumen into the incubation buffer was measured spectrofluorometrically with an excitation wavelength of 485 nm and an emission wavelength of 530 nm. The FD-4 permeability was expressed as micrograms per centimeter per minute.
Immunofluorescence microscopy of tight-junction proteins. Cryostat sections of the ileum and Caco-2 cell chamber slides were fixed with cold methanol for 5 min at Ϫ20°C. The intestinal tissues or Caco-2 cells were then incubated with polyclonal rabbit anti-claudin-1, occludin or zonula occludens (ZO)-1 antibody (Zymed Laboratories, San Francisco, CA) overnight at 4°C, followed by incubation with a Cy3-conjugated antibody for tissue sections or FITC-conjugated antibody for Caco-2 cells for 30 min at room temperature.
Fluorescence microscopy of ROS. ROS accumulation in the small intestine and Caco-2 cells was examined by dihydroethidium fluorescence microscopy. Nonfluorescent dihydroethidium is oxidized by ROS to yield the red fluorescent product, ethidium, that binds to nucleic acids, staining the nucleus a bright fluorescent red. Cryostat sections of small intestinal segments including duodenum, jejunum, and ileum or Caco-2 cell chamber slides were incubated with 5 M dihydroethidium (Molecular Probes, Eugene, OR) for 30 min at 37°C in the dark. The ROS-catalyzed ethidium red fluorescence was examined under fluorescence microscopy. The relative fluorescence intensity was quantified by using SigmaScan Pro 5 software.
Intestinal zinc concentrations. Zinc concentrations in the small intestinal segments including duodenum, jejunum, and ileum were determined by atomic absorbance spectrophotometry. The relative fluorescence intensity was quantified as described above.
Zinquin fluorescence microscopy. Zinquin is a blue fluorescent zinc ion indicator. Caco-2 cells cultured on chamber slides were incubated with 25 M Zinquin ethyl ester in PBS for 30 min at room temperature. The labeled zinc ion was detected by fluorescence microscopy, and the relative fluorescence intensity was quantified by using SigmaScan Pro 5 software.
Caco-2 monolayer barrier function analysis. The Caco-2 monolayer barrier function was evaluated by measuring the electrical resistance and paracellular permeability. The transepithelial electrical resistance (TEER) of the filter-grown Caco-2 monolayers was measured with an epithelial volt ohmmeter (World Precision Instruments, Sarasota, FL). Electrical resistance was recorded with three consecutive measurements after subtracting the resistance value of the filters alone. For determination of paracellular permeability, FD-4 was added to the apical compartment of Caco-2 cells at the final concentration of 10 mg/ml in DMEM. After 90-min incubation, the basolateral media were collected and the FD-4 that penetrated to the basolateral media was measured using a microplate fluorescence reader with an excitation wavelength of 485 nm and an emission wavelength of 530 nm.
Immunoblotting analysis of tight junction proteins. Tight junction proteins from Triton-soluble and -insoluble fractions were prepared. Briefly, ileum mucosa or cell monolayers were lysed on ice for 30 min in Triton-soluble buffer (50 mM Tris·HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 4 mM Na 3VO4, 40 mM NaF, 1% Triton X-100, 1 mM PMSF, 1% protease inhibitor cocktail) and centrifuged at 14,000 g for 10 min. The supernatants were regarded as Triton-soluble fractions, and the pellets were resuspended in Triton-insoluble buffer (Tritonsoluble buffer with 1% SDS) and sonicated. After being centrifuged at 14,000 g for 5 min, the supernatants were collected as Tritoninsoluble fractions. Aliquots containing 30 g protein were loaded on to a 8 -15% SDS-polyacrylamide gel. After electrophoresis, proteins were transferred to polyvinylidene fluoride membrane. The membrane was probed with rabbit polyclonal antibody against claudin-1, occluding, ZO-1 (Zymed Laboratories), or GAPDH (Santa Cruz Biotechnologies, Santa Cruz, CA). The membrane was then processed with HRP-conjugated donkey anti-rabbit IgG (GE Healthcare, Piscataway, NJ). The protein bands were visualized by an enhanced chemiluminescence detection system (GE Healthcare) and quantified by densitometry analysis.
Statistics. All data are expressed as means Ϯ SD. The data were analyzed by ANOVA and Newman-Keuls multiple-comparison test. Differences between groups were considered significant at P Ͻ 0.05.
RESULTS
Alcohol exposure-induced liver injury. The body weights of the alcohol-fed mice (27.1 Ϯ 1.0 g) at the end of 4-wk alcohol exposure were significantly lower compared with the pair-fed mice (29.0 Ϯ 0.6 g). The liver/body weight ratios of the alcohol-fed mice (4.7 Ϯ 0.2) were significantly higher than those of pair-fed mice(4.0 Ϯ 0.3). Alcohol exposure significantly elevated the plasma ALT activities (Fig. 1A) . Moreover, alcohol exposure caused liver pathological changes, including steatosis, necrosis, and neutrophil infiltration (Fig. 1B) .
Alcohol exposure-induced disruption of intestinal barrier function. As an indication of intestinal barrier disruption, the plasma endotoxin concentrations were measured, and alcohol exposure significantly increased the plasma endotoxin level (Fig. 2A) . The effect of alcohol on the intestinal barrier function was determined by ex vivo measuring the intestinal permeability to FD-4. As shown in Fig. 2B , alcohol exposure did not affect the FD-4 permeability of the duodenum and jejunum but significantly increased the ileal permeability. The distribution of the tight junction proteins, occludin, a transmembrane protein, and ZO-1, an intracellular plaque protein, at the ileal epithelium was then determined by immunofluorescence microscopy. Alcohol exposure caused a reduced distribution of both occludin and ZO-1 at the tight junctions between the adjacent epithelial cells (Fig. 2C ). Immunoblotting analysis further confirmed that alcohol exposure reduced the protein levels of occludin and ZO-1 (Fig. 2D) . However, light microscopy with hematoxylin and eosin stain did not reveal remarkable pathological changes of the intestine after alcohol exposure (data not shown).
Alcohol-induced oxidative stress and zinc deficiency in the intestine. Oxidative stress in the small intestine was assessed by measuring ROS accumulation with ethidium fluorescence microscopy ( Fig. 3A) and image quantification (Fig. 3B) . Whereas only trace amounts of ROS were detected in the duodenum, jejunum, and ileum in the pair-fed mice, chronic alcohol exposure caused ROS accumulation in the small intestine as indicated by increased red fluorescence intensity. The ROS levels gradually increased along the small intestine from the caudal to the distal segment, and the ileum showed the strongest labeling. To determine whether zinc dyshomeostasis in the intestine is associated with oxidative stress, intestinal zinc concentrations were analyzed by atomic absorbance spectrophotometry. Alcohol exposure did not affect the zinc status in the duodenum and jejunum but significantly decreased the zinc concentrations in the ileum (Fig. 3C) .
Association of zinc mobilization with alcohol-induced oxidative stress in Caco-2 cells. Caco-2 cell culture was performed to determine the link between zinc dyshomeostasis and oxidative stress in alcohol-induced epithelial barrier disruption. The effect of alcohol treatment on the epithelial barrier function was assessed by measuring TEER and FD-4. As shown in Fig. 4A , alcohol treatment for 5 h caused a significant decrease in the epithelial TEER in a dose-dependent manner. Consistent with these results, the paracellular permeability to FD-4 was significantly increased by alcohol in a dose-dependent manner. ROS accumulation was detected by dihydroethidium fluorescent microscopy, and alcohol treatment generated ROS as indicated by increased red fluorescence in the nuclei (Fig. 4B) . To determine whether alcohol induces zinc mobilization, the intracellular free zinc was detected by Zinquin, which binds free zinc to generate blue fluorescence. As shown in Fig. 4B , alcohol treatment markedly increased the intensity of cytoplasmic Zinquin labeling. To determine the link of zinc mobilization with ROS accumulation, inhibition of ROS was achieved by pretreatment with NAC. Inhibition of ROS with NAC was accompanied by reduction of zinc release. In accordance, NAC pretreatment attenuated alcohol-induced epithelial barrier dysfunction (Fig. 4C) .
Effect of zinc deprivation on Caco-2 epithelial barrier function. To define the role of zinc in epithelial barrier function, zinc deprivation was induced by TPEN. The effects of zinc deprivation on epithelial barrier integrity were determined by immunofluorescence labeling of tight junction proteins. As shown in Fig. 5A , TPEN at 3 and 4 M caused significant reduction of tight-junction proteins, including claudin-1, occludin, and ZO-1. TPEN at 2 M did not appear to affect the distribution of the tight-junction proteins (Fig. 6A) . Immunoblotting analysis showed that TPEN at 3 and 4 M significantly decreased the protein levels of all the three tightjunction proteins in either soluble or insoluble fractions, and TPEN at 2 M only reduced the protein levels of insoluble fractional claudin-1 and soluble fractional occludin (Fig. 5B) . Barrier function analysis showed that TPEN treatment caused a decrease in the epithelial TEER and an increase in FD-4 permeability in a dose-dependent manner (Fig. 5C ). NAC pretreatment did not affect TPEN-induced epithelial barrier dysfunction (Fig. 5D) . Addition of zinc attenuated TPENimpaired epithelial barrier function in association with preservation of the tight junction proteins (Fig. 5) , whereas the effects of TPEN on epithelial barrier were not reversed by addition of either copper or iron (data not shown).
Interaction of zinc deficiency with alcohol in induction of Caco-2 epithelial barrier disruption. To determine whether zinc deficiency might interact with alcohol to induce epithelial barrier disruption, Caco-2 cells were first cultured under minor zinc deprivation, followed by treatment with alcohol. As shown in Fig. 6A , alcohol treatment reduced the distribution of claudin-1, occludin, and ZO-1 at the tight junctions, whereas TPEN at 2 M did not affect the tight junction proteins. The Caco-2 cells treated with alcohol after zinc deprivation showed a dramatic reduction of tight junction proteins. Immunoblotting analysis showed that alcohol treatment following zinc deprivation significantly reduced the protein levels of all three tight-junction proteins in both soluble and insoluble fractions compared with alcohol alone (Fig. 6B ). TPEN at 2 M did not significantly affect Caco-2 epithelial barrier function as indicated by measurements of TEER and FD-4 permeability (Fig.  6C) . Alcohol treatment caused a significant decrease in TEER and a significant increase in FD-4 permeability, indicating an impaired epithelial barrier function. However, Caco-2 cells treated with alcohol after zinc deprivation showed significantly lower TEER and higher FD-4 permeability than alcohol alone. NAC pretreatment attenuated TPEN and alcohol-induced epithelial barrier dysfunction (Fig. 6D) .
DISCUSSION
The barrier function of intestinal epithelium is provided by the epithelial cells and the paracellular apical junction complex, including tight junctions and adherence junctions (14, 35) . Tight junctions are the most apical organelle of the apical junction complex and are primarily involved in the regulation of paracellular permeability. Either loss of the epithelial cells or disruption of the tight junctions will lead to an increase in intestinal permeability. Clinical studies demonstrated that acute alcohol administration can cause apparent histopathological changes in the proximal part of the small intestine, whereas chronic alcohol consumption only induces minor histopathological changes (9, 12, 34) . Our previous study (30) also showed that intestinal histopathological alterations, such as loss of epithelial cells at the top of the intestinal villi, were associated with acute alcohol intoxication-induced intestinal barrier disruption in mice (30) . The present study demonstrated that chronic alcohol exposure causes gut leakiness without obviously affecting intestinal histology. Most importantly, we found that the gut leakiness after chronic alcohol exposure occurs in the ileum but not in the duodenum or jejunum. These data provide evidence for the first time that the lower part of the small intestine plays an important role in the development of alcoholic endotoxemia.
Tight junctions are composed of several transmembrane proteins such as occludin and claudins and intracellular molecules such as ZO-1 (18) . The interactions of the cell surface molecules ensure intercellular adhesion and regulate paracellular permeability. Disassembling of proteins at the tight junctions will result in disruption of the intestinal barrier to allow the diffusion of macromolecules such as endotoxin and pathogens from the intestinal lumen into the blood. This appears to be a common mechanism involved in the pathogenesis of a number of gastrointestinal diseases such as inflammatory bowel disease and celiac disease (28, 38, 36) . A recent study demonstrated that the ZO-1 protein levels in colon biopsies from alcoholic patients are significantly lower than in normal subjects (46) . The present study detected a reduced distribution of transmembrane protein, occludin, and intracellular plaque protein, ZO-1, at the tight junctions of the ileal mucosal epithelium in the mice chronically fed alcohol. Thus disassembly of tight-junction proteins is likely a causal factor in the pathogenesis of chronic alcohol exposure-induced intestinal barrier dysfunction.
Oxidative stress and alcohol reactive metabolites have been suggested to critically mediate alcohol-induced intestinal barrier dysfunction. Previous studies have shown that alcohol exposure induces oxidative stress in the intestine, and prevention of oxidative stress leads to inhibition of the gut leakiness (2, 17, 21, 24, 25) . Acetaldehyde, the major alcohol-reactive metabolite, has also been detected in the intestine after alcohol exposure (8, 15) . Caco-2 enterocyte culture studies demonstrated that alcohol treatment induced a progressive disruption of ZO-1 from the tight junction and led to the formation of gaps between the adjacent cells (31) . ROS and nitric oxide production in Caco-2 cells were detected after alcohol treatment, and oxidation and nitration of tubulin were found in association with epithelial barrier disruption (3). Treatment with antioxidants, such as L-cysteine, superoxide dismutase, and rebamipide, iNOS inhibitors, and growth factors, such as epididymal growth factor or TGF-␤, inhibited alcohol-induced ROS accumulation, tubulin nitration, and epithelial barrier disruption (4 -7). These findings suggest that ROS critically mediate alcohol-induced epithelial barrier disruption. The present study showed that chronic alcohol exposure causes significant accumulation of ROS in the ileum but not in the duodenum and jejunum, which correlates well with the measurements of gut permeability. Interestingly, the zinc levels in the ileum, but not in the duodenum and jejunum, were also decreased by chronic alcohol exposure. To define the link between alcohol-induced oxidative stress and zinc release, Caco-2 cell culture model was introduced. However, high ethanol concentration (5-10%, vol/vol) was required for significant reduction of TEER (Ͼ60%). Western blotting assay of alcohol metabolic enzymes showed that Caco-2 cells express abundant aldehyde dehydrogenase but only a minimum of alcohol dehydrogenase (data not shown), indicating a lower alcohol metabolic capacity. Caco-2 cell culture demonstrated that attenuation by NAC of ROS led to attenuation of alcohol-induced zinc mobilization and epithelial barrier dysfunction in Caco-2 cells. However, NAC did not affect TPEN-induced epithelial barrier dysfunction. These data suggest that zinc deprivation under oxidative stress condition critically mediates alcohol-induced intestinal epithelial barrier dysfunction.
Zinc is an important trace element that is involved in all the major aspects of cell function, including metabolism, detoxification, antioxidant defense, signal transduction, and gene regulation (44) . Although it is known that zinc is necessary for proper liver function, increasing evidence suggests that zinc plays an important role in maintaining epithelial integrity of the gastrointestinal tract (20, 42, 43) . Oral zinc supplementation has been shown to prevent gut leakiness under the a variety of disease conditions such as Crohn's disease, experimental colitis, malnutrition, enteral pathogen challenge, and methotrexate treatment (1, 41, 45, 47, 48) . Electron microscopic studies showed that percentages of the disrupted (opened) tight junctions in experimental colitis were reduced by 50% with zinc supplementation (45) . Mechanistic studies showed that zinc preservation of the intestinal barrier function was associated with induction of metallothionein (MT) and inhibition of oxidative stress (37, 48) . A recent study showed that zinc deficiency attributable to reduction of zinc transporters accounts for alcohol-induced alveolar epithelial barrier dysfunction (19) . Zinc deficiency in Caco-2 cells not only induced membrane barrier damage but also increased neutrophil transmigration (16) . Our previous study (29) showed that zinc protects against acute alcohol intoxication-induced intestinal histopathological changes independent of MT, suggesting the possibility that other zinc-binding proteins may mediate the effects of zinc. The present study demonstrated that zinc deprivation disassembles the tight-junction proteins, suggesting a novel mechanism of how zinc modulates the epithelial barrier. We also found that minor zinc deficiency has a sensitizing effect to alcoholinduced epithelial barrier disruption. These data suggest that zinc deficiency may not only mediate but also sensitize to alcohol effects on the epithelial barrier. Because ROS, aldehyde, and lipid peroxidation products have been shown to release zinc from zinc proteins, the significance of dysfunction of zinc proteins in the pathogenesis of alcohol-induced gut leakiness should be further defined in future investigations.
In conclusion, the present study demonstrated that chronic alcohol exposure induces ileal oxidative stress, which leads to zinc deficiency by mobilizing intracellular zinc. Zinc deficiency may directly disassemble tight-junction proteins or indirectly sensitize the epithelial cells to the action of alcohol, leading to epithelial barrier dysfunction with subsequent increase in gut permeability. These results thus indicate that zinc deficiency critically modulates alcohol-induced intestinal barrier dysfunction and the resulting development of endotoxemia and liver injury in alcoholic liver disease.
